Mutations in the nucleophosmin 1 (NPM1) gene are considered founder mutations in the pathogenesis of acute myeloid leukemia (AML). To characterize the genetic composition of NPM1 mutated (NPM1 mut ) AML, we assess mutation status of five recurrently mutated oncogenes in 129 paired NPM1 mut samples obtained at diagnosis and relapse. We find a substantial shift in the genetic pattern from diagnosis to relapse including NPM1 mut loss (n = 11). To better understand these NPM1 mut loss cases, we perform whole exome sequencing (WES) and RNA-Seq. At the time of relapse, NPM1 mut loss patients (pts) feature distinct mutational patterns that share almost no somatic mutation with the corresponding diagnosis sample and impact different signaling pathways. In contrast, profiles of pts with persistent NPM1 mut are reflected by a high overlap of mutations between diagnosis and relapse. Our findings confirm that relapse often originates from persistent leukemic clones, though NPM1 mut loss cases suggest a second "de novo" or treatment-associated AML (tAML) as alternative cause of relapse.
O ne of the most common mutations (mut) in AML involves the NPM1 gene, which is present in about one third of AML pts 1 . NPM1 mut AML is characterized by distinct biological and clinical features and pts with the NPM1 mut and no FLT3 internal tandem duplication (ITD) or low FLT3-ITD levels have a good response to induction chemotherapy and a favorable prognosis. Based on these findings NPM1 mut AML was included as an entity in the World Health Organization classification 2016 and the NPM1 mut /FLT3-ITD genotypes stratified by the ITD allelic ratio were integrated in the risk stratification of the European LeukemiaNet (ELN) recommendations, subdividing AML in subsets with highly distinct prognosis [2] [3] [4] .
For a long time NPM1 mut was considered a founder event, because it is usually maintained at relapse. The consideration of NPM1 mut as a founder event in AML is further supported by the distinct morphological and clinical presentation associated with this subtype of AML. However, recent studies have shown that NPM1 mut occurs rather late, due to its absence in preleukemic hematopoietic stem cells (HSCs) 5, 6 . Moreover, in~10% of relapsed pts NPM1 mut is lost while further chromosomal and molecular changes are acquired [7] [8] [9] .
The recently identified preleukemic mutations in DNMT3A, TET2, ASXL1, IDH1, and IDH2 often persist at remission due to persistent clonal hematopoiesis 5, 10 . Preleukemic mutations were also found to be present in non-leukemic T cells of AML patients, at the time of diagnosis and they have been identified in individuals without hematologic malignancy or who were unselected for cancer or hematologic phenotypes in an age related-manner 11 . Age-related clonal hematopoiesis is a common condition that is associated with an increased risk to develop hematologic cancer [12] [13] [14] [15] . Indeed, cooccurring mutations in DNA methylation or hydroxymethylation genes (DNMT3A, IDH1, IDH2 R140 , and TET2) are frequent amongst NPM1 mut leukemias and found in~73% of pts 6 .
In our previously investigated cohort of 53 NPM1 mut AML pts, we also described this frequent co-occurrence of preleukemic mutations 7 . Here, the majority of relapsed leukemias showed clonal evolution with a clear relationship of relapse and diagnostic leukemia clones by acquisition of additional genetic lesions, or more commonly the relapse clone arose from a common ancestral clone, which was also shown by other studies 7, 16, 17 . Interestingly, in our study we identified five pts with NPM1 mut loss at relapse showing a shift in genetic lesions between the diagnosis and relapse sample; clinically, these patients had a significantly longer time to relapse compared to NPM1 mut persistent pts (33.7 months versus 8.6 months, p = 0.03), and none responded to salvage therapy. To date, it is still unclear whether in these cases clonal evolution resulted in loss of NPM1 mut or whether the initial leukemia clone was cured and a new leukemia developed on the basis of dominant clonal hematopoiesis with persisting preleukemic mutations. This new leukemia could then also be considered as therapy-related AML (tAML) that evolved from a common pre-leukemic clone.
To gain further insight into the genomic evolution of NPM1 mut AML, we have extended our previous cohort and assess mutational status of five genes by conventional mutation analysis in paired samples obtained at diagnosis and relapse from 129 NPM1 mut pts. For a subgroup of pts a more detailed analysis comprising the mutational status of nine genes and comprehensive SNP microarray profiling is performed. Finally, for in-depth analysis we sequence the exome of ten pts with persistent NPM1 mut and ten pts with loss of NPM1 mut and perform RNA-Seq analysis for selected NPM1 mut persistent and loss cases. Findings are confirmed by targeted deepsequencing and flow cytometry based single cell protein expression analysis.
Results
Genomic characterization of clonal evolution in NPM1 mut AML. Paired samples at diagnosis and relapse from 129 NPM1 mut AML pts were assessed for clonal evolution-associated mutations in the most recurrently mutated genes (FLT3, DNMT3A, IDH1, IDH2, NRAS) by conventional mutation analysis as previously reported 7 . At diagnosis, 83 pts (64%) harbored concurrent DNMT3A mut , 40 pts (31%) FLT3-ITD, 22 pts (17%) FLT3-tyrosine kinase domain (TKD) mut , 23 pts (18%) NRAS mut , 29 pts (23%) and 24 pts (19%) IDH1 mut and IDH2 mut , respectively ( Fig. 1 ). In addition, we screened a subgroup of pts for MLLpartial tandem duplications (PTD) and mutations in ASXL1, TP53 and RUNX1. None of the pts analyzed had a MLL-PTD, ASXL1 mut , TP53 mut or RUNX1 mut at the time of diagnosis (Supplementary Fig. 1 and Supplementary Table 1) .
At relapse, a shift in the mutation pattern was found in 76 pts (59%, Supplementary Table 2 ). While NPM1 mut was lost in 11 pts (9%), DNMT3A mut persisted in 79 of 83 pts (95%) and thus was the most stable mutation at relapse. Sixteen of 40 pts (40%) had the identical FLT3-ITD, whereas 14 pts (35%) showed a distinct FLT3-ITD clone indicated by a change of the ITD length, and 10 pts (25%) lost the FLT3-ITD at relapse. Gain of a FLT3-ITD clone was detected in 23 of 128 cases (18%). Similarly, FLT3-TKD mut and NRAS mut were rather unstable and lost in 16 of 22 pts (73%) and 15 of 23 pts (65%), respectively. On the contrary, IDH1 mut and Fig. 1 Incidence of mutations in 129 paired (diagnosis/relapse) NPM1 mut pts. Colored bars indicate the presence of a mutation, white bars represent wildtype, data not available is indicated by a gray bar. Light and dark green bars illustrate heterozygous and homozygous FLT3-ITD mutations, respectively. Bars marked by X illustrate different mutation types found in the diagnosis and relapse sample. Stability was calculated by the number of mutations that persisted at relapse divided by all mutations present at diagnosis. D, diagnosis; R, relapse IDH2 mut were relatively stable, with persistence of the diagnosis mutation in 25 of 29 pts (86%) for IDH1 mut and 21 of 24 pts (88%) for IDH2 mut . For MLL-PTD, ASXL1 mut , TP53 mut and RUNX1 mut , none of the pts with NPM1 mut loss had a mutation at diagnosis; however, at relapse four pts gained an MLL-PTD, one an ASXL1 mut , and three a RUNX1 mut ( Fig. 1 and Supplementary  Fig. 1 ). Following up on our previous report 7 , we extended single nucleotide polymorphism (SNP) microarray profiling to a total of 77 NPM1 mut pts [cytogenetically normal (CN) karyotype, n = 73; del(9q), n = 4]. In addition to these findings also seen by cytogenetics, the analysis of diagnostic samples confirmed copy number alterations (CNAs) and uniparental disomy (UPD) previously associated with CN NPM1 mut including del(4) (q22.1), del(12)(p13.2), del(17)(q11.2), gain of chromosome 8 (trisomy 8) and UPD affecting chromosomal arm 13q (Fig. 2 and  Supplementary Table 3 ). In the extended cohort, novel findings at diagnosis included del(11)(q12.3), gain(8)(q24.21), and a trisomy 21 as well as UPDs affecting the chromosomal arm 6p in 3 pts (Fig. 2) . At relapse, the previously reported deletions of 12p13 and 17q11.2, gain(11)(q23.3), trisomy 8 and UDP 13 could also be confirmed. In addition, SNP-array analysis identified nine non-recurrent CNAs [del(5)(q11.2q11.2), del(10)(p11.21p15.3), del(10)(p12.31p14), del(14)(q11.2q21.3), del(14)(q23.1q32.33), del(X)(p22.32q26.1), gain(1)(q21.1q44), gain(5)(p11p15.33), gain(14)(q22.1q22.2)], as well as one UPD affecting the long arm of chromosome 21 (Fig. 2) . The incidence of chromosomal aberrations (deletion, gain, or UPD) was 3.4 times higher at relapse (diagnosis n = 23, relapse n = 79) as shown previously 7 .
Overall, we detected a gain of CNAs and/or UPDs at relapse in 66.7% (4/6) of NPM1 mut loss and 43.7% (31/71) of NPM1 mut persistent samples. Patients with gain of CNA and/or UPD also acquired more mutations at relapse based on mutations detected with WES (median 7.5 vs 2; pts with gain of CNA and/or UPD, n = 8; pts without gain of CNA and/or UPD, n = 5). This supports our observation that NPM1 mut loss pts are less stable in terms of their mutational profile compared to NPM1 mut persistent pts. Interestingly, 10/11 NPM1 mut loss pts were in the favorable ELN 2017 risk group at the time of diagnosis while only one was in the intermediate risk group.
Comparative analysis of NPM1 mut loss and persistent pts. To gain further insight into the relapse mechanism of pts with loss of the NPM1 mut , we performed WES of paired samples (diagnosis, remission and relapse) from 10 NPM1 mut loss and 10 NPM1 mut persistent pts. The mean depth of the covered exome was 91 reads for diagnosis, 92 reads for remission, and 89 reads for relapse samples (Supplementary Table 4 ). At diagnosis, we identified on average 9.7 mutations per case (8.8 in NPM1 mut loss and 10.6 in NPM1 mut persistent pts) and at relapse 11.4 mutations per case (9.4 in NPM1 mut loss and 13.4 in NPM1 mut persistent pts).
In all NPM1 mut loss pts, WES identified at least one previously described preleukemic mutation with the majority carrying DNMT3A mut (9/10 pts, Fig. 3a and Supplementary Data 1) 5, 11, 12 . Notably, all preleukemic mutations persisted with a similar variant allele frequency (VAF) in remission and relapse ( Supplementary  Fig. 2a ). In addition, we identified mutations persisting at remission in genes not yet associated with clonal hematopoiesis such as PTK2B and PAX5. Apart from these persisting mutations, diagnosis and relapse samples had distinct mutational patterns and shared almost no somatic mutation. Thus, in NPM1 mut loss pts not only NPM1 mut but also all other somatic mutations were lost, thereby On the contrary, in all NPM1 mut persistent pts at least three common mutations (mean 7.6) between diagnosis and relapse were found ( Fig. 3a and Supplementary Data 2). Furthermore, preleukemic mutations persisted in only six of the 10 pts during remission, and in these cases the VAF was lower compared to NPM1 mut loss pts ( Supplementary Fig. 2b ). These findings suggest that the preleukemic clone is not yet fully dominating hematopoiesis in all NPM1 mut persistent pts. However, reappearance of preleukemic mutations in conjunction with the persistence of NPM1 mut and other mutations at the time of relapse suggests that a leukemic stem cell clone survived initial chemotherapy and gave rise to relapsed disease shaped by clonal evolution.
We performed deep amplicon sequencing to survey diagnosis samples from three NPM1 mut loss and three NPM1 mut persistent pts for relapse specific mutations at the time of diagnosis. First, we wanted to see whether relapse specific mutations in NPM1 mut persistent cases were already present at diagnosis, and second we wanted to rule out the possibility that a minor NPM1 mut loss subclone was already present at this time point. Coverage for the respective variant positions ranged from 423 to 16031 reads (mean 4224, median 3023). In none of the NPM1 mut loss diagnosis samples we were able to detect a relapse specific mutation (Table 1 ) while in NPM1 mut persistent pts we detected a relapse specific mutation in 2 out of 3 pts with VAFs of 0.6 and 0.17%, respectively (TP53 mut in ID340 and IDH1 mut in ID1019).
To explore whether mutated genes perturb similar biological pathways in diagnosis and relapse samples, we performed gene set over representation analysis in NPM1 mut loss and NPM1 mut persistent pts at both time points. We found in both NPM1 mut loss as well as NPM1 mut persistent cases diagnostic mutations to be enriched for members of the ERBB and MYC signaling pathways ( Fig. 3b and Supplementary Data 3) . For NPM1 mut persistent cases diagnosis and relapse associated mutations showed a highly concordant mutational pattern with mutations being enriched for members of the MYC, SCF-KIT (stem cell factor) and WNT signaling pathways. In contrast, the mutational spectrum of NPM1 mut loss relapse samples affected very different pathways, such as MAPK signaling and pathways known to be play a role in cancer (Pathways in Cancer), although a more stem cell-like phenotype (WNT signaling) was seen in these cases (Fig. 3b) .
As previous chemotherapy might affect cancer mutation signatures, i.e. the type of single nucleotide variants (SNVs), we assessed the transversion frequency of mutations found in diagnosis and relapse samples from NPM1 mut loss and NPM1 mut persistent pts to evaluate whether NPM1 mut loss at relapse might be considered as tAML following cytotoxic therapy of the initial de novo AML. While Wong et al. 18 recently investigated 22 pts with tAML and found no difference in transversion frequency compared to de novo AML and secondary AML (sAML), Ding et al. 17 reported a strong increase of transversions after chemotherapy in relapse compared to primary tumors. Here, we saw an increase of mainly C to A transversions from diagnosis to relapse in both groups (Fig. 4a) , (NPM1 mut loss: p = 0.023; NPM1 mut persistent: p = 0.014, two-tailed Mann-Whitney test, Fig. 4b ).
RNA-Seq of NPM1 mut loss and persistent pts. To determine whether specific mutational patterns in diagnosis and relapse samples of NPM1 mut loss pts have an impact on gene expression, we performed RNA-Seq. The expression of 28,922 genes above detectable expression levels (>1 read in at least one sample) was compared in a pairwise approach between diagnosis (n = 5) and relapse (n = 5) NPM1 mut loss samples. This resulted in 2141 differentially expressed genes (p ≤ 0.05) (Fig. 5a and Supplementary Data 4). Among these, we identified HOXA10, HOXB6, and MEIS1, an NPM1 mut associated homeobox (HOX) expression signature 19 , highly expressed in diagnosis samples, which was not seen in NPM1 mut loss relapse samples.
Next, we used the NPM1 mut signature from Verhaak and colleagues 19 , comprising a total of 18 genes, which can discriminate between NPM1 mut and NPM1 wildtype (NPM1 wt ) AML, for hierarchical clustering of paired diagnosis and relapse samples from 5 NPM1 mut loss and 5 NPM1 mut persistent pts. This NPM1 mut signature grouped the relapse samples of the five cases that had lost the NPM1 mut at relapse (NPM1 wt cases) next to the 15 NPM1 mut samples. This NPM1 wt group is characterized by high expression of APP, NRGN and low expression of HOXB5, HOXB6, HOXA9 and HOXA10 (Supplementary Fig. 3 ).
Gene set enrichment analysis (GSEA) further supported our genomic WES based findings, as the gene expression signature of NPM1 mut loss relapse samples showed an enrichment of genes belonging to Pathways in cancer and more specifically of MAPK and WNT signaling, while in diagnosis samples pathways related to cell cycle and MYC signaling were affected (Fig. 5b, c and Supplementary Data 5). In addition, in relapse samples we found a significant upregulation of genes, which have been shown to be down-regulated in NPM1 mut AML (FDR q-value = 0.018) (Fig. 5c ) 19 . This demonstrates that relapse samples are NPM1 wt also on the functional level.
CTNNB1 levels in NPM1 mut diagnosis samples. To confirm stronger WNT signaling in NPM1 mut persistent diagnosis samples compared to NPM1 mut loss diagnosis samples, which was predicted by pathway analysis of mutated genes and transcriptomic analysis, we performed flow cytometry in three diagnosis samples of NPM1 mut loss and NPM1 mut persistent cases, respectively. Using an intracellular staining protocol for CTNNB1 (ß-Catenin), which is a key player in the WNT signaling pathway and crucial for leukemic stem cells 20 , we could confirm higher levels of both total CTNNB1 and active CTNNB1 in NPM1 mut persistent diagnosis samples compared to NPM1 mut loss diagnosis samples (p = 0.04, unpaired t-test; Fig. 6) . Fig. 7 ). In line with our previous report 7 , NPM1 mut loss pts poorly responded to salvage chemotherapy; here only 2 of 11 pts achieved a second complete remission (CR) whereas 58 of 96 (60%) NPM1 mut persistent pts with clinical data available achieved a second CR (p = 0.008, Fisher's exact test).
Possible mechanisms of relapse in NPM1 mut AML. Based on the mutation profile, the gene expression signature, and also the clinical course of NPM1 mut loss and NPM1 mut persistent pts, two different mechanisms of relapsed disease can be discussed (Fig. 8) . In NPM1 mut persistent pts an NPM1 mut leukemic clone outlasts chemotherapy, undergoes additional evolution and subsequently sprouts to cause the relapse. In contrast, in NPM1 mut loss pts the initial leukemic clone is eradicated by chemotherapy. However, dominant clonal hematopoiesis with persistence of preleukemic mutations, such as DNMT3A mut , provides the basis for the development of a second AML, caused by a transforming event different from NPM1 mut and thereby leading to a novel leukemia rather than to a relapse of the initial leukemia. This is further supported by the significantly longer remission duration in the NPM1 mut loss pts. In accordance, evaluation of VAF on average depicts persistence of preleukemic mutations in NPM1 mut loss pts, with an unchanged VAF at remission as shown in Fig. 8 (see also Supplementary  Fig. 4 ). In contrast, in NPM1 mut persistent pts we frequently observe clearance of the leukemic clone at remission below the detection limit of our WES approach and recurrence of the mutations become apparent at relapse ( Fig. 8 and Supplementary Fig. 4 ).
Discussion
With regard to clonal evolution of NPM1 mut cases at the time of relapse, this extended study of 129 NPM1 mut pts confirmed our previous findings performed in a smaller cohort of NPM1 mut pts 7 but also provides novel insights into relapse pathomechanisms of NPM1 mut AML. In general, NPM1 mut persistence was the predominant relapse mechanism of NPM1 mut AML, since we detected persisting NPM1 mut clones at relapse in 91% of pts.
Moreover, detectable NPM1 mut mutation after morphological remission was accompanied by a morphological relapse, illustrating the necessity of monitoring minimal residual disease (MRD) in NPM1 mut pts. By SNP analysis we could confirm critical regions associated with disease relapse such as deletion of 12p13 leading to haploinsufficiency of ETV6, a tumor suppressor gene also frequently lost in AML with complex karyotypic changes 21 . Similarly, loss of 17q11.2 leads to NF1 haploinsufficiency, which was previously shown to contribute synergistically to disease progression 22 . Relapse specific gain of 11q23.3 affects the oncogene KMT2A (MLL) whereas the mechanism of trisomy 8 still remains elusive. The frequently acquired UPD of chromosome 13 results in homozygous FLT3-ITD mutations. As shown in our previous study only few genomic aberrations were present in NPM1 mut diagnosis samples (0.3/patient), whereas at the time of relapse we observed a substantial increase (1/patient) in the number of genomic alterations. Comparative mutation profiling confirmed the highest stability of DNMT3A mut (95%), due to the early acquisition and preleukemic occurrence 11 . Similarly, other mutations associated with clonal hematopoiesis, such as IDH1 and IDH2 mutations, also showed a high stability (86 and 88%, respectively). These genes are involved in epigenetic regulation and mutations result in a preleukemic state of HSCs 5, 10 . Preleukemic mutations confer an advantage in self-renewal and proliferation of HSCs, thereby leading to clonal expansion 23, 24 . Moreover, it has been shown that DNMT3A mut HSCs can survive induction therapy and persist at remission, thus supposedly increasing the risk for a second AML 11, 25 . NPM1 mut was also a relatively stable marker, yet 9% of pts were NPM1 wt at relapse. In contrast NRAS and FLT3 mutations were less stable, because these driver mutations are rather late events, just like other mutations in genes involved in active signaling 5, 6 . Interestingly, WES detected PTK2B and PAX5 mutations persisting at the time of remission in two NPM1 mut loss pts. These mutations have not been previously described as preleukemic or germline mutations. PTK2B is a tyrosine kinase involved in the PI3K-AKT signaling pathway. PAX5 is a transcription factor, and encodes the B cell lineage specific activator protein. In another NPM1 mut loss case a mutation in BCOR, a transcriptional corepressor that interacts with histone deacetylases, hence another epigenetic modifier, was identified as preleukemic mutation. BCORL1, a paralog of BCOR, was found recurrently mutated in individuals without hematological malignancy 24 , and BCOR mutations have recently been linked to clonal hematopoiesis in aplastic anemia 26 as well as secondary AML and tAML 27 . An additional potential preleukemic mutation, NPAT mut , which persisted in remission, was found in an NPM1 mut persistent patient. NPAT is found mutated in several cancer types including lung cancer 28 and malignant melanoma 29 , and germline NPATmut was recently identified as a candidate risk factor for Hodgkin lymphoma 30 , thereby suggesting also a possible implication in AML pathogenesis.
Thus, except for preleukemic mutations the mutational profiles of NPM1 mut loss pts showed almost no overlap between diagnosis and relapse samples. This observation points to a significant difference in leukemia biology, which is also reflected by the fact that diagnosis and relapse associated gene mutations targeted different pathways. Notably, the diagnosis mutational pattern of NPM1 mut loss pts was similar to cases with NPM1 mut persistence, which further confirms NPM1 mut as disease-defining event 31 . Furthermore, it shows that NPM1 mut associated pathomechanisms lead to distinct cooperating events. In line, diagnosis and relapse mutational patterns of NPM1 mut persistent pts were also closely related and formed a cluster together with NPM1 mut loss diagnosis samples, which was separate to the 'NPM1 wt ' samples when clustering the NPM1 associated molecular signature.
This suggests that at diagnosis NPM1 mut was the disease transforming event in both groups. In persistent pts, chemotherapy might lead to the repression and possibly elimination of the major leukemic clone, which at the time of remission cannot be detected anymore at the sensitivity level of our sequencing analysis. However, in these cases there is persistence of leukemic subclones that undergo clonal evolution and cause leukemia relapse. In NPM1 mut loss cases, chemotherapy might lead to the extinction of the leukemic clones, but persistent clonal hematopoiesis, which is dominating over healthy hematopoiesis in these cases, increases the risk for a second "de novo" AML. This hypothesis is underlined by the different mutation profiles as well as the longer duration until disease recurrence in these cases (median, 30 months vs. 8 months) since acquisition of a new driver mutation in this pre-leukemic clonal hematopoiesis setting is likely to take longer than a relapse originating from a persisting leukemic subclone. This clinical finding was recently confirmed by Höllein and colleagues 32 .
Due to limitations of WES in detecting rare variants, we conducted deep targeted sequencing of selected diagnosis samples to search for mutations in minor subclones which are present with a VAF down to 0.5%. We did not discover a relapse specific mutation at this VAF in any of the NPM1 mut loss samples, which suggests that all leukemic clones are eradicated. Moreover, the analysis of the types of point mutations revealed a higher average percentage of transversions at the time of relapse in NPM1 mut persistent compared to loss samples (45% versus 27%). This higher number of transversions in persistent pts is comparable with data reported by Ding and colleagues 17 who also found an increase of transversions in relapse samples.
A potential explanation, why in some NPM1 mut pts the disease might be initially cured and the relapse then occurs as an independent event based on persisting clonal hematopoiesis can be derived from our gene set analyses. Interestingly, diagnostic NPM1 mut loss samples showed less stem cell-like phenotypic features due to absent enrichment of mutations in the WNT signaling pathway, a hallmark for leukemic stem cells, which acts as a regulator of self-renewal 20 . In contrast, NPM1 mut leukemias harboring more stem cell features might be more resistant to chemotherapy and thus they will eventually relapse, which in turn is characterized by the persistence of the NPM1 mut . Indeed, increased WNT signaling, reflected by higher CTNNB1 levels, in NPM1 mut persistent diagnosis samples compared to NPM1 mut loss diagnosis samples was confirmed by flow cytometry analysis. In NPM1 mut loss pts, over time there might be a selection and/ or clonal evolution of a more aggressive DNMT3A mut HSC, which results in a relapse AML also characterized by stem celllike features. As in the general population with presence of clonal hematopoiesis this transformation process is slow and likely requires the acquisition of additional hits. Loss of NPM1 mut is a rare event and thus monitoring NPM1 mut minimal residual disease is nevertheless a valid marker for relapse prediction 33, 34 . In addition, our observation further highlights the need to develop drugs which target these epigenetic regulator mutations to eradicate clonal hematopoiesis as precancerous/preleukemic lesion 35 , and even more importantly it shows the necessity to reveal the mechanism and role of preleukemic mutations.
In summary, we could show that relapsed AML of NPM1 mut loss pts possesses almost no relationship to the primary tumor so that a more suitable nomenclature would be second "de novo" AML. Further investigations are needed to evaluate whether this phenomenon can also be seen in relapses which have lost other distinct driver lesions, such as CEBPA mut , t(8;21) or inv (16) . Second "de novo" AML, due to persistence of preleukemic mutations, has strong implications for the clinic since MRD monitoring has limited value in these pts. Moreover, in cases with dominant clonal hematopoiesis at the time of remission, novel treatment approaches are needed to eradicate preleukemic clones. Finally, the development of more sensitive MRD tools to detect persisting leukemic subclones will contribute to ultimately achieve cure and prevent relapse in AML pts.
Methods
Patients. In total, 129 NPM1 mut AML pts (25-78 years) with availability of samples at least at the time of diagnosis and at relapse were analyzed. 84% of the pts (109/129) were treated in one of four prospective AMLSG treatment trials [HD98A (n = 9; NCT00146120), AMLSG 07-04 (n = 34; NCT00151242), AMLSG 09-09 (n = 64; NCT00893399) and AMLSG 16-10 (n = 2; NCT01477606)]; the remaining 20/129 pts (16%) participated in the AMLSG BiO Registry study (NTC 01252485). All pts received intensive standard induction chemotherapy with cytarabine and an anthracycline (7 + 3 regimen) followed by high-dose cytarabine consolidation cycles with few exceptions in NPM1 mut persistence pts. Patient characteristics are summarized in Table 2 . Informed consent for both treatment and biobanking of leukemia samples according to the Declaration of Helsinki was given by all pts. Approval was obtained from the ethical review board of the University of Ulm (ethical vote number 148/10).
Mutation analysis. NPM1 mut was diagnosed by locked nucleic acid (LNA)-based PCR 36 , DNMT3A mutation screening was performed by DNA-based amplification of the corresponding exons 37 . Subsequently, amplified DNA was used for mutational analysis by conventional Sanger sequencing to define the exact mutation types. FLT3-ITD, FLT3-TKD and ASXL1 amplicons were screened for mutations by a GeneScan-based fragment analysis 38, 39 . The amplified fragments of IDH1, IDH2, TP53, and NRAS were analyzed by denaturing high-performance liquid chromatography (DHPLC) on a WAVE 3500HT DNA Fragment Analysis System (Transgenomic) [40] [41] [42] . Samples classified as mutated were further characterized by direct sequencing. MLL-PTD was detected by RNA-based PCR 43 .
Single nucleotide polymorphism microarray analysis. A total of 500 ng of purified high-quality genomic DNA (using the QIAamp DNA Mini Kit, Qiagen) from every sample was digested, ligated to adaptors, amplified by PCR, purified, fragmented, labeled and hybridized to the Genome-Wide Human SNP Array 6.0 according to manufacturer's instructions (Affymetrix). CEL files were generated using the Command Console Software 4.1.2 (Affymetrix). The Genotyping Console Software 2.0 (Affymetrix) was used for normalization and analysis of CEL files.
Whole-exome sequencing analysis. WES was performed on diagnosis, remission and relapse samples from 10 pts with NPM1 mut loss and 10 pts with NPM1 mut persistence at the time of relapse. DNA libraries were generated from either 500 ng DNA using the TruSeq DNA Sample Prep v2 kit (Illumina) with the TruSeq Exome Enrichment kit (Illumina) or from 50 ng DNA using the Nextera Rapid Capture Expanded Exome kit (Illumina) and the Nextera Rapid Capture Exome kit (Illumina) according to the manufacturer's instructions. Pooled DNA libraries were sequenced on an Illumina HiSeq2000 with the 200-cycle TruSeq SBS v3 kit (Illumina). Following demultiplexing the paired-end sequences were aligned to the human reference genome hg19 with BWA-MEM 44 . BAM files were sorted and indexed using SortSam and BuildBamIndex (both Picard 1.138, http:// broadinstitute.github.io/picard). To minimize the number of artefacts in downstream variant calling, PCR duplicates were removed (MarkDuplicates, Picard 1.138) and initial alignment was refined by local realignment (Indel Realigner, GATK 3.4-46) 45 . Variants were called using VarScan2 somatic 46 by comparing tumor samples to the matching remission sample and annotated using ANNO-VAR 47 . A custom script was used to rescue "germline" variants in genes known to be recurrently mutated in cancer (Supplementary Table 5 RNA-Seq analysis. RNA was extracted from paired diagnosis/relapse samples of five pts with NPM1 mut loss and five pts with NPM1 mut persistence using the AllPrep DNA/RNA Mini Kit (QIAGEN), and RNA quality was assessed using a BioAnalyzer 2100 (Agilent). Libraries were prepared from 1 µg of total RNA using the TruSeq Stranded Total RNA Kit with Ribo-Zero Human/Mouse/Rat (Illumina) according to the manufacturer's instructions. The pooled RNA libraries were sequenced on an Illumina HiSeq2000 to obtain 100 bp paired-end reads. RNA-Seq reads were aligned to the human reference genome hg 19 and quantified using STAR v.2.4.2a 56 in the 2-pass mapping mode. Furthermore, the DESeq2 57 package from R was used to obtain normalized expression values. BRB-ArrayTools Version 4.5.0 Beta_2 58 (BRB, National Cancer Institute, Bethesda, MD, USA) and GSEA (http://broadinstitute.org/gsea/index.jsp) 51 were used for class comparison analyses. Hierarchical clustering and heatmap visualization of differentially expressed genes was performed using Cluster 3.0 59 and Java Treeview 60 .
Flow cytometry. Intracellular flow cytometry was performed using the Fix & Perm Cell Permeabilization Kit (Invitrogen) 61 . In brief, primary patient cells were resuspended in 100 µl Fixation Medium and incubated for 15 min at room temperature. Cells were then washed in 3 ml PBS + 0.1% NaN 3 + 5% FBS followed by centrifugation. Staining with the respective antibodies and isotope controls was performed in 100 µl of the permeabilization medium according to the manufacturer's instructions for 1 h at room temperature followed by washing and centrifugation as indicated above. We used a primary antibody against total CTNNB1 (anti-h-beta-Catenin, APC-conjugated, #IC13292A, R&D Systems) or active CTNNB1 (anti-active-b-Catenin, clone 8E7, #05-665-25UG, Merck Millipore) followed by a secondary Alexa488 labeled antibody (donkey anti-mouse, Invitrogen # R37114). Cells were analyzed using a CantoII TM (Becton-Dickinson) cytometer. Data analysis was performed using FlowJo TM software (Treestar, Ashland, OR).
Statistical analyses. Statistical analyses for clinical outcome were performed as follows: The definition of CR, remission duration and overall survival (OS) were based on recommended criteria from the 2017 ELN recommendations 4 . Remission duration endpoints measured from the date of documented CR were relapse (failure), death in CR (censored) and alive in CR at last follow-up (censored). The Kaplan-Meier method was used to estimate distributions of remission duration and differences between two groups were analyzed using the two-sided log-rank test. Response to salvage therapy was analyzed using Fisher's exact test and expression data with normal distribution by unpaired t-test. An effect was considered significant if P ≤ 0.05. All statistical analyses were performed with the statistical software environment R version 3.0.2, using the R packages Hmisc version 3.13-0 and survival version 2.37-7 62 .
Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
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